An APS sponsored study reviewed the state of research and development in radiation effects on materials for the purpose of identifying basic scientific problems which limit progress in energy applications and which could be attacked by physicists, especially those in universities. The field of radiation effects on materials has particular application throughout fission and fusion reactor technology, and the technological problems associated with these reactors were reviewed. Important scientific problem areas discussed included mechanical properties, point defects, voids and dislocations, theory of damage production, charged particle simulation of neutron damage, hydrogen and helium in materials, interaction of surfaces and radiation, insulators, semiconductors, and superconductivity. Although limited progress has been made on many of the scientific problems previously identified, the current energy crisis has greatly increased th+ economic urgency of improved understanding. In addition to many detailed suggestions, the study recommended increased effort on the following most important problem areas: A firm experimental and theoretical base for ion and electron simulation of neutron damage should be established. Increased emphasis should be placed on understanding the effects of impurities on the production, migration, and agglomeration of radiation produced defects, particularly the nucleation and growth of voids and dislocation loops. The experimental and theoretical understanding of mechanical properties as they are affected by point defects and their agglomerates, impurities, and defect-impurity combinations should be established. Experimental and theoretical understanding should be established for the dynamic effects of high flux irradiations such as enhanced diffusion, creep, precipitation, and re -solution. To aid the application of basic science to technology, increased university and laboratory cooperation was recommended.
A. Introduction
Discussion of specific problem areas 1. Reactor This can be of significant help in the proper training of graduate students and will also keep the research faculty aware of current developments.
In the past, work on industrial problems used to be common in university physics departments as well as the temporary employment of graduate students and faculty at industrial laboratories. All sides benefit from these cooperative efforts and the interaction of scientific talents. Such arrangements also remove, to a great extent, the manpower limitations.
The field of radiation effects studies has applications throughout fission and fusion reactor technology as well as in space technology. Deficiencies in understanding the changes induced by radiation in materials used in reactors have led to costly modifications in design and operational procedures. Such induced effects are the embrittlement of materials and their swelling by the formation of voids inside them. I ack of complete knowledge of these complex processes in engineering materials requires periodic retrieval of samples from present light-water reactors for material testing; in some cases it requires operation at lower power than the design intended, and the need for more auxiliary equipment. There is also the possibility that the deterioration of the containing vessel may make it necessary to shut down the reactor and thus shorten its useful life. Zebroski We make the following general recommendations for increased effort to attack the most important scientific problem areas that limit progress in energy applications involving radiation effects on materials:
-A much firmer experimental and theoretical base for ion and electron simulation of fission and fusion neutron damage should be established.
-Increased emphasis should be placed on understanding the effects of impurities on the production, migration, and agglomeration of radiation-produced defects, particularly the nucleation and growth of voids and dislocation loops.
-The experimental and theoretical understanding of mechanical properties as they are affected by point defects and their agglomerates, impurities, and defectimpurity combinations should be significantly improved.
-Experimental and theoretical understanding should be established for the dynamic effects of high flux irradiations such as enhanced diffusion, creep, precipitation and re-solution.
Specific recommendations
More detailed specific recommendations of this study are contained in each of the respective sections of this report and are summarized below. The most urgent recommendations are marked with a e. a. Technological problems (see Sec. 11)
Con trolled thermonuclear reactors (CTR)
-Gain an understanding of the effects of fusion reactor radiation on the mechanical properties of the plasma containment vessel (first wall) with particular emphasis on ductility, creep, stress rupture and fatigue life.
-Understand dimensional stability of the containment vessel material and the effect of high helium and hydrogen concentrations on the nucleation and growth of voids.
-Surface problems, insulator problems, and superconducting magnet problems are discussed respectively in Sections VIII, IX, and XI.
Thermal reactors -Improve the understanding of embrittlement in pressure vessel steels and fuel cladding materials.
Fast breeder reactors -Understand and reduce void swelling and radiation creep by developing resistant materials.
-Develop radiation damage models to allow use of neutron damage simulation techniques.
-Develop embrittlement resistant alloys through research into radiation embrittlement.
h. Point defectsin metals (see Sec. 111) -Investigate mechanisms of the interaction of point defects with each other, with impurities, with dislocations, and with strain fields.
-Confirm the properties of interstitials by physics exper iments.
-Identify the defect responsible for recovery Stage III and the associated defect processes.
-Catalogue the thermodynamic properties of point defects in all metals; give immediate emphasis to bcc (body centered cubic) metals.
-Develop new techniques for quantitative characterization of point defects and their clusters.
-Develop theoretical understanding of the relation of property change to defect concentration and state of aggregation for better identification and counting of defects.
c. Voids and dislocationsin metals (see Sec IV).
-Perform detailed experimental and theoretical studies to elucidate the mechanisms responsible for the nucleation and growth of voids in model fcc (face-centered cubic) and bcc alloy systems with specimens well-characterized from both a chemical and a microstructural point of view.
-Perform experiments on model fcc and bcc alloy Rev Sec. V) e-Develop the theory of heavy ion simulation of neutron damage.
-Improve the theory of effects of defects on mechanical properties.
-Study processes by which voids and dislocation loops are nucleated, including the roles of foreign atoms and stress.
e. Simulation of reactor neutron damage (see Sec VI).
-Establish the range of validity (e.g. , energy, displacement level, displacement rate, temperature) of ion and electron simulation techniques in providing an accurate means for anticipating fission and fusion neutron damage effects.
o -Devise techniques for simulation studies of changes in mechanical properties such as creep and embrittlement with and without externally applied stress. In addition to providing data more quickly, such simulation eouId provide information on stress enhanced effects.
-Develop a wider range of ion beam facilities for simulation studies. These should include higher beam currents, a. wider variety of ions and clean target systems in which accelerator contamination of refractory metal targets at high temperature can be avoided.
-Assess the need for simultaneous gas atom injection and ion beam irradiation as contrasted with preinj e ction.
-Establish the theoretical relationship between "free" defect concentrations (those defects surviving initial cascade recombination) associated with electron, proton, heavy ion, fission and fusion neutron bombardment (see Sec. V).
f Hydrogen and heliumin metals (see Sec. Vll) -Develop an understanding of the effects of hydrogen on the mechanical properties of alloy systems. The effects of both solute hydrogen and hydrogen atmospheres 'must be considered.
-Establish the behavior of helium-in solids and its effects on the mechanical properties using both theoretical and experimental methods. Interactions of heli. -um with other defects must be understood.
-Obtain a comprehensive understanding of the sputtering coefficients of refractory metals and high temperature insulators by hydrogen and helium ions from 100 e7 to 20 keV for structurally mell-characterized materials.
-Studies of neutron sputtering may be needed, but, clarification of the experimental situation is needed to determine its importance.
- Gas generation rates are a function of the first wall material, but for a 1 MW/m neutron wall loading, the helium generation rate will vary from -30 atomic parts per million (appm) per year for Nb, to 600 appm for aluminum alloys (Vacancies, 1970; Point Defects, 1973 
B. Nucleation problems
The nucleation problem is really twofold, since it is clear that we must consider the nucleation of both interstitial edge-dislocation loops and voids. Mechanisms for void nucleation have been given the most attention both theoretically and experimentally and much of the experimental evidence has been reviewed by and Norris (1972a) . In the case of voids it has been suggested that nucleation is possible at or on impurity atoms (both metallic and nonmetallic), depleted zones, gas bubbles, and also as a result of simple homogeneous nucleation. No single mechanism is able to explain all the experimental observations , although it is generally believed that mobile gas atoms play a critical role. In particular it is believed that the helium gas atoms produced as a result of (n, n) reactions play a critical role in both the nucleation and stabilization of voids. Almost no experimental attention has been paid to the equally important problem of the nucleation of interstitial dislocation loops. It is clear that in this latter situation it is also a question of a homogeneous nucleation mechanism versus heterogeneous. nucleation mechanisms.
The theoretical aspects of nucleation have been considered in some detail and the reader is referred to the papers of Burton (1971), Katz and (1) The influence of specific impurities on the observed densities of voids and dislocation loops (both interstitial and vacancy) in a number of well-characterized pure metals and alloys. The refractory bcc metals are of particular interest.
(2) The effect of a known stress distribution on the observed density and crystallographic habit plane(s) of dislocation loops (both interstitial and vacancy).
(3) Measurements of the local concentration of impurity atoms (both metallic and nonmetallic) in voids and dislocation loops. The atom-probe field ion microscope (Muller et al. , 1969 Brenner and McKinney, 1970; Brenner and Seidman, 1974) and the field desorption microscope should be very valuable in obtaining both qualitative and quantitative information on the local chemistry in the vicinity of these defects.
(4) The trapping of SIAs by impurity atoms. This is a very important area of research since it represents a. possible mechanism for forcing all the vacancies to recombine with SIAs, and hence completely suppressing nucleation of interstitial dislocation loops and therefore vo1ds.
C. Growth problems (Dederichs, 1970; Brenner and McKinney, 1970; Brenner and Seidman, 1974; Petroff and Seidman, 1973;  Norris (1972a; and Bullough and Nelson (1974) . Some of these possible saturation mechanisms are as follows:
(1) Coherent precipitates serving as recombination centers for vacancies and SIAs.
(2) Coherent precipitates pinning dislocations and retarding them from climbing.
(3) The formation of a stable three dimensional void 1attice.
(4) The lattice losing all its dislocations as a result of the climb and slip of dislocation loops into voids.
( The problem of understanding saturation effects in detail is extremely important as it is the key to producing alloys which are resistant to swelling under LMFBB. irradiation conditions. The recent discovery by Johnston and co-workers (Johnston et a/. , 1973a; 1973b at and semiconductors which is directly proportional to the average energy deposited into electronic excitation (Brice, 1970; by ion bombardment.
In order to determine the details of the damage mechanism, which are not known, study of the individual excitations may be necessary. In addition, the enhanced annealing and diffusion of defects and impurities observed in these materials, may also be related to the deposition of energy into electronic excitation since the kinetic properties of these centers are An estimation of the concentration of hydrogen isotopes in various reactor components requires a knowledge of hydrogen isotope production rates, diffusivities and permeabilities (Birnbaum and Wert, 1972 , (c) studies of the mechanism of hydrogen transport across surfaces, (d) an examination of stress effects on diffusion and solubility, (e) investigations of local phonon modes and the local electronic structure near the hydrogen, (f) studies of hydrogen diffusion in a radiation environment and of the interaction of hydrogen with radiationinduced defects.
Since the properties of bcc metals are particularly dependent on interstitial impurities, attention should be given to the thermodynamics of gas-metal systems, and to the problem of gas formation by nuclear reactions. Iri particular, careful studies of neutron cross sections for both direct (n, P) and (n, d) reactions and for indirect reactions which involve transmutation products should be carried out.
The relatively high hydrogen concentrations expected in reactor components coupled with the high diffusivities suggest that the role of hydrogen in void nucleation and gas bubble formation be carefully examined, particularly in those systems having low hydrogen solubility. A number of synergistic alloy effects such as internal hydriding of alloying elements and transmutation products must also be considered.
As a basis for solution of the above problems, improvements in understanding the fundamental properties of hydrogen in crystal lattices are required. Calculations of the effect of hydrogen on the electronic band structure by the Augmented Plane Wave (APW) method have been carried out (Switendick, 1972) and needtobe extended, particularly to low hydrogen concentrations. Another theoretical approach to understanding the effect of hydrogen on the surface of metals is the SCF-X-o. scattered wave calculations (K. , and these should lead to understanding the mechanism of hydrogen transport across surfaces. The method also appears applicable to calculations of hydrogen effects on surface energies (i.e. , on the "cohesive energy") and to calculation of the crystal site location of hydrogen. Experiments designed to test these theories, such as experiments on the hydrides and field ion microscopy to determine the state of hydrogen on surfaces, should be extended. Ion channeling studies (Picraux and Vook, 1974) of hydrogen diffusion and of the interaction of hydrogen with lattice defects produced by irradiation, (d) studies of the phonon modes associated with hydrogen and of the critical phenomena (Alefeld, 1972) in systems such as Nb-H, V-H, etc. , using techniques such as neutron scattering (Gissler, 1972) and Raman spectroscopy, (e) ion channeling and scattering experiments to determine the site location and interaction of hydrogen with specific types of traps, (f) theoretical studies of the electronic structure of dilute metal-hydrogen systems, (g) (1) Helium production rates under anticipated reactor conditions must be determined taking into account energy dependent cross sections and (n, n) reactions involving prior transmutation products, e.g. , 5'Ni(~, y)59Ni followed by "Ni(n, n)"Fe.
(2) The solubility, diffusivity. and trapping parameters of helium in metals must be determined, along with the kinetics of bubble formation and migration.
(3) The role of microstructure and lattice defects (such as dislocations and vacancies) in the formation and migration of helium bubbles must be determined. Embrittlement under simultaneous irradiation and helium production conditions should be studied.
(4) Simplified methods of helium charging to simulate reactor conditions should be developed. These may possibly be based on alpha particle irradiation or on the decay of tritium to 'He. In the latter case, access to Nationa1 Laboratory facilities seems essential.
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(1) An understanding of the effects of hydrogen on the mechanical properties of alloy systems should be developed. The effects of both solute hydrogen and hydrogen atmosphe re s mus t be considered.
(2) The behavior of helium in solids and its effects on the mechanical properties should be established using both theoretical and experimental methods. Interactions of helium with other defects must be understood.
VI I I. INTERACTION OF SURFACES AND RADIATION
A. The problems
The interaction of radiation with a solid surface can be looked at from two points of view: as changes that occur in the particle or photon distributions outside the surface or as changes in the material of the surface itself. There is little evidence that either of these is important in fission reactors, but both will be of major significance in fusion systems. The remarks to follow vrill thus focus on surfaces that are interfaces to the vacuum of a CTR. Such a surface is shown schematically in
Fig
Processes important to the plasma include:
(1) the reflection of particles (and energy) back into the plasma( 2) charge exchange of plasma particles at the wall; (3) secondary electron and photon production; as well as contamination of the plasma by:
(4) desorption of adsorbed species;
(5) sputtering of wall material; (6) blister formation and exfoliation of the wall. Processes (5) and (6) are important to the wall because they produce erosion. In addition the wall is sensitive to mechanical creep and ductility changes due to:
(7) defects and foreign atoms introduced into the wall.
At this early stage in CTR development, the more critical problems concern the plasma since energy and particle losses must be minimized in order to achieve successful heating of magnetically confined plasmas.
When fusion reactors (magnetically confined or otherwise) are producing useful levels of power, the problems of wall property degradation will become critical. Study in both areas is important at this time. It must be emphasized that surface effects in CTR devices are strongly influenced by impurities, by adsorbed surface films, and by surface topography. Scrupulous attention must be paid to these points in all investigations in this area. Pronko and Pronko, 1974) and nuclear enhanced elastic scattering (Blewer, 1973; (Arnold and Compton, 1960) . ESR studies have not been very useful in radiation-induced defect identification because of the lack of hyperfine structure on the broad resonance peaks (Hughes and Henderson, 1972; Sonder and Sibley, 1972 Si. This information is needed not only because of the sensitivity of the SiO2:Si device to radiation-induced defects in the oxide, but also because of the need to better understand impurity and defect diffusion, and interfacedefect configurations. Glasses are also of great interest for CTR applications (Development of Glass Electrical Insulator, 1973) because of the ease of deposition on metal substrates and the anticipation that impurities (transmutation products) can be incorporated readily into the glass structure. It is also felt that gas bubble formation may not be such an intense problem in glasses because of the easy diffusion of helium in these structures.
It is somewhat ironic that both our present very considerable understanding of the defect structure of insulating solids and our weaknesses in this area with regard to current high-priority goals, arise from our pastheavy research involvement with the effects of radiation on alkali halide crystals (Hughes and Henderson, 1972; Sonder and Sibley, 1972) . The concentration of effort on this class of insulators has been, to a large degree, due to the ease with which large high-quality crystals can be grown. The intense localization of trapped electronic charge at radiation-induced defect trapping sites, peculiar to ionic systems, has allowed the experimental investigative tools of optical absorption, luminescence, and electron spin resonance (ESR) to be developed to a high degree of sophistication. As a consequence, the defect structure of the alkali halides and the mechanism of defect introduction by irradiation are rather mell understood. This knowledge has been extremely useful when similar investigative techniques have been applied to other classes of insulating materials. Unfortunately, many materials are less amenabl. e to such attacks either because of difficulty in obtaining good quality, high-purity material, or because the experimental techniques fail. The alkaline earth oxide MgO, for example, has long been studied, but success in understanding the defect structure has been slow and is directly related to the gradual development of high-purity crystal growth methods (Hughes and Henderson, 1972; Sonder and Sibley, 1972) .
For the materials of greatest interest in the CTR program, the radiation induced atomic displacements are governed by Coulomb and hard-sphere interactions. The ion displacement mechanism (Pooley-Hersh effect (Pooley and Runciman, 1966; Hersh, 1966) ) which can occur when electronic energy is deposited in alkali halides is not likely to be important in these materials. There is, however, recent evidence (Arnold19, 74) which indicates that the charge-state of defects in insulators, particularly A120" is of great importance in determining the radiation-induced dilation. For example, ion implantation induced lattice expansion in A120, can be greatly reduced by electron injection or proton implantation. It is worth pointing out that, since there are no conduction electrons in insulator crystals, ionization caused by the radiation field can have enormous effects upon electrical resistivity; e.g. , has measured electron mobilities as high as 20 cm'volt 'sec ' in fused silica under pulsed irradiation. As a rule of thumb, the energy per electron-hole pair is about 3 times the bandgap energy E (Billington and Crawford, 1961 for first-wall applications, but its resistivity seems to be too low for the theta pinch device. Mixed oxides, aluminates, spinels, zirconates, garnets, and glasses are of interest but data on these materials are not readily available.
The theta pinch first-wall insulator requirements also include good thermal conductivity in order that excess thermal energy in the wall can be removed during the plasma cooling stage (-2 sec) and before the next power cycle. Fast-neutron irradiation is known (Berman et aL, 1954; Berman et aL, 1960; Reichelt et al. , 1970) to decrease the thermal conductivity of A1~Q, and crystalline SiO, (Herman et al. , 1950) ) is known about void formation, as distinct from lattice expansion, in insulating mater ials at highneutron fluences and high temperature. The production of He and H in Al, Q~d ue to transmutation is estimated (Kaminsky et a/. , 1974) . The status of plasma-wall interactions has recently been reviewed (Vernickel, 1974) . (See Sec. VIII. ) Many of the CTH designs utilize molten lithium as coolant, tritium breeder, and neutron moderator. The flow of lithium across magnetic field lines causes currents to flow in the tube mall and this in turn causes pressure drops because of the effective increase in viscosity. To reduce the pressure drop, it wouM be desirable to have an insulating coating on the tube walls. In this application, the additional problem of compatibility of the insulator with molten Li is presented. It would also be desirable (Hickman, 1972) to use the insulator as a permeation barrier against tritium diffusion in order to confine the tritium and to prevent plant contamination.
Hydrogen permeation data is scarce for insulating compounds other than the oxides and even less is known about the effects of irradiation on this property.
The use of lasers to initiate fusion in thermonuclear reactors (LCTR) by implosion compression of a D-T pellet is receiving much research effort both in the U. S. and abroad (Nucholls et al. , 1973) . In this application the laser-beam handling and transport system utilizes windows and mirrors for beam focusing, deflection, and switching. In addition to the need to withstand damage due to the intense laser beam, some of the optical elements will be exposed to x-rays, y-rays, and neutrons. The use of CO, laser light (10.6 pm) in prototype reactor designs has limited the window materials to NaCl, KCl, Ge, GaAs, CdSe, etc. While considerable information exists concerning the laser damage threshold in these materials , information is needed on the effects of radiation and ablative material from the reactor cavity on optical and structural properties.
The radiation effects problems associated with insulators in fusion reactor environments are also discussed in a very recent article by A. Holmes-Siedle (1974 There are extensive data on defect production, including the displacement production of identified defects. The temperature, orientation and Fermi-level dependence has been studied in some cases. Information on the number of "free defects" (i.e. , those escaping correlated annihilation) and on capture radii of some impurities for some defects have been found in a few instances. In no case, however, is a full, satisfactory picture of defect production established.
Furthermore there are instances of subthreshold dam- It is established that the upper critical field can be changed by neutron irradiation in direct proportion to the change in electrical resistivity produced by the irradiation, in good agreement with theory. T, for these materials is little affected by neutron irradiation (-0.1 K for neutron irradiation at room temperature to a dose -10" n/cm2) .
The magnetic fluxoids in these materials are strongly pinned by the defects produced by neutron irradiation. After irradiation with electrons, which produces a random distribution of vacancy-interstitial pairs, there is a small fluxoid pinning effect which rapidly saturates with increasing defect concentration. This effect is well understood and is in agreement with theory . After neutronirradiation at4 'K strong pinning of fluxoids occurs. Annealing studies show it is the point defects which pin, but by comparison with the electron irradiation results the pinning must be related to the nonuniform distribution of the defects due to the displacement cascades. After room temperature irradiation the fluxoids are also strongly pinned, presumably by the small dislocation loops resulting from this irradiation. This pinning results in increases in the magnetic remanance in metals and alloys initially in the annealed condition, and the critical current I, is increased accordingly . The mechanism of this fluxoid pinning is not well understood.
Group (b)
T, for these materials is also little affected by neutron irradiation (-0.1'K). The . Similar effects were found in low magnetic fields after 4 K irradiations (Brown e f al . , 1974 n/cm' these properties decrease rapidly with increasing dose; e.g. , inNb, Sn, T, =3'K after adose -5x10" n/cm' (Sweedler, 1974 
